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Fluxgate magnetometers are extremely sensitive room-temperature vector magnetic-field sensors that are ideally suited for applications that require high sensitivity and robust performance under extreme conditions. Typical applications for these sensors have included submarine detection, surveillance, non-destructive testing, satellite orientation, compasses for vehicle guidance systems, and precise measurement of variations in the Earth's magnetic field. In spite of a long history of successful applications, a quantitative theory of the factors that limit the sensitivity of these devices has not been developed. This is in part due to the nonlinear response of the fluxgate's ferromagnetic core to excitation fields and also to a wide variety of fluxgate implementations with different core geometries and materials which can result in different dominant noise producing mechanisms.
A fluxgate magnetometer is composed of a ferromagnetic core, which in the simplest implementation, is wound with two coils. The two core geometries that we have simulated are shown schematically in Figure 1 . One coil, the drive coil, is used to produce an alternating magnetic field, H drive , which periodically saturates the core first in one and then in the opposite direction. The drive coil for the thin film fluxgate is not shown in Figure 1 . The second coil, the pick-up coil, is used to detect the change in magnetic flux in the core. In the absence of an offset field, H dc , the drive field saturates the core symmetrically around zero field, so that the voltage induced in the pick-up coil only contains odd harmonics of the drive frequency, ω ο . When H dc is nonzero, the core remains in saturation longer for one direction of H drive , than the other. This asymmetric saturation produces even harmonics, whose phase and amplitude are indicative of the polarity and magnitude of H dc . The second harmonic is typically used as a measure of 3 H dc . 1 The second harmonic is used, as opposed to the 0'th for instance, because of the difficulty of inductively coupling to and measuring a signal at or near zero frequency.
Recently, improved noise performance on the order of 1 pT/rtHz at 1 Hz has been demonstrated in fluxgates that keep the sensor's ferromagnetic core saturated during the entire drive cycle. 2, 3 The noise reduction in these "single-domain" fluxgate magnetometers is due to suppression of Barkhausen noise. 2 The magnetization noise in these single-domain fluxgates was found to be approximately independent of drive conditions if H drive is large. 4 This suggests that the noise is intrinsic to the core material
and not a result of residual domains. It is possible that the type of noise in a singledomain fluxgate magnetometer also limits the performance of other well-optimized fluxgate designs. In order to develop a foundation for understanding the origin of this residual noise, we present a dynamic model of the response of a single-domain fluxgate.
The model is based on the Landau-Lifshitz-Gilbert (LLG) equation, which describes the dynamics of a coherently rotating ferromagnet. 5 In SI units, the most general form of the LLG equation is
where M is the magnetization of the material, γ the gyromagnetic constant, and H eff is an effective magnetic field, which includes contributions due to the external field, anisotropy, demagnetization, and a field describing the damping of the precession of M.
H eff may be expressed as 
and
where τ is the period of H drive and m = 2. The responsivity is defined in terms of magnetization rather than voltage because the pick-up coil voltage is not an inherent property of the core. In order to convert to a more familiar form, M 2 /H dc can be scaled as
6 where ω ο is 2π times the drive frequency, A core is the cross-sectional area of the ferromagnetic core, and the geometric factor is constant less than one describing the coupling between the pick-up coil and the core.
The key to modeling the fluxgate's response using the LLG equation is to accurately determine the anisotropy, demagnetization, and effective damping parameters in Equation 2. The effective damping parameter can be determined from either a M(H) loop recorded at one frequency or more simply as we show below from the first-harmonic permeability. In most cases, a single determination of α eff is sufficient to describe a single-domain fluxgate's response over a wide range of easy axis bias fields, drive frequency, and drive amplitude.
As a demonstration of the technique, we solve the LLG equation for hard-axis permeability of a thin film as a function of a H drive , α eff , ω o , and dc easy-axis bias field.
We do this for clarity, since in practice, the LLG equation can be solved numerically for the first-harmonic permeability in any arbitrary geometry and configuration of fields.
When a small oscillating field, H z sin(ω o t), is applied along the hard axis of a ferromagnetic film, the LLG equation can be reduced to
Here M z (t) and H z are the time-dependent magnetization and the amplitude of the drive field in the hard direction. Note that Equation (6) is first order and is intended for the overdamped limit where α eff is large. Equation (6) is easily solved for the complex permeability, yielding
at low frequency. Here, µ static is the permeability of the single-domain ferromagnetic core in the limit of zero frequency and small H z . Since H easy is known, if necessary, M sat can be determined from µ 1 ', so that α eff can be determined from µ 1 ".
Simulations A measurement and simulation of the in and out-of-phase components of the complex permeability, µ 1 ' and µ 1 ", of the permalloy thin film are shown in Figure 3 .
Here, H drive is applied in the hard direction at a frequency of 22300 Hz and µ o H easy = 0.0001 T. This orientation of the fields and the amplitude of H easy were chosen to insure that the dynamic mode of the film during the permeability measurement is the same as that in the fluxgate responsivity measurement presented below. Using permeability data in Figure 3 and the saturation magnetization determined from Figure 2 (a), equation (7) gives α eff = 22.5 and k = 0.0009. In order to show that equation (7) is consistent with the LLG equation, simulations of the permeability determined from equations (1), (2), and (4), using the above α eff and k values are shown as dashed lines in Figure 3 . Table 1 . The frequency, f eddy ≈ ρ/(2πµ o t 2 ) for the tube and f eddy ≈ 2ρ/(πµ o t 2 ) for the film, is the frequency where H drive would just fully penetrate the core if it were composed of a normal metal (µ static = 1). This is the frequency where µ 1 " would exhibit a maximum if all dissipation was due to eddy currents. 8 Here, ρ is the resistivity, and t is the sample thickness. If f peak is near f eddy , then damping is dominated by eddy currents. Since eddy current damping is dependent on µ(H drive ), α eff will depend on H drive . f peak for the tube is orders of magnitude closer to f eddy than it is for the film, indicating that eddy currents play a much more important role in the tubes than in the films. In summary, it is clear that any process which leads to nonlinear damping is difficult to simulate. In particular, one should be careful when simulating fluxgates We would like to thank J. R. Rozen and P. R. Duncombe for help with the preparation of the molybdenum permalloy tubes and F. Milliken for reviewing the first draft of this paper. Tables   Table 1. A summary of the parameters used in simulations of the responsivity of fluxgates made from the thin films and tubes. Here µ o M sat is the saturation magnetization, K the uniaxial anisotropy constant, k the uniaxial anisotropy constant in dimensionless form, d
the demagnetization factor along the drive field direction, α eff the effective damping parameter, f eddy the frequency where the magnetic field penetration depth along the drive direction for a saturated core is equal to the core thickness, f peak the frequency where Equation (7c) is a maximum, and f drive the drive frequency. (Hz) f peak (Hz) (Hz) 
